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Probing ultra-old Fermi atoms with a single ion
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We show that the reently proposed ioni mirosope set-up [Kollath et.al, PRA, 76, 063602
(2007)℄ ould be adapted to measure the loal single-partile energy distribution of a degenerate
Fermi gas in situ with the resolution on the nanometer sale. We study an ion held in a Paul trap
in an atomi Fermi gas and ompute the two-photon Raman photo-assoiation rate of the ion and
an atom. We show that, as a funtion of the detunings between the frequenies of the two inident
lasers and energies in the atom-ion system, the photo-assoiation rate diretly measures the single-
partile energy distribution in the Fermi gas around the ion. We desribe an experiment to measure
the photo-assoiation rate of a trapped ion and argue that, as the position of the ion an be sanned
through the Fermi gas, this experiment diretly probes the loal energy and spin-state distribution
of the Fermi gas.
INTRODUCTION
Most experimental tehniques used to study ultra-old
atomi Fermi systems yield either information about the
momentum or single-partile energy distribution, aver-
aged over a large part of a sample, or loal information
about the number density. For example, time-of-ight
measurements of a gas after release from a trap have
been used to measure the olumn momentum distribution
within the gas [1, 2, 3℄, while in situ imaging methods
have been used to study spatial variations in the density.
It has been possible, for example, to demonstrate how
a trapped Fermi gas with imbalaned spin populations
separates into a fully paired superuid, partially polar-
ized normal liquid and fully polarized normal liquid as a
funtion of inreasing radius [4, 5℄. However, the spatial
resolution of the in situ optial imaging is limited by the
wavelength of the light and it has not yet been possible
to determine whether a narrow region of FFLO phase
(in whih pairs have non-zero enter of mass momentum
[6, 7℄) existed in the Fermi gas between the superuid
and partially polarized normal liquid. Enhaned spatial
resolution has been obtained in some systems by allow-
ing the gas to expand ballistially before imaging. This
is how details of the vortex struture in rotating systems
were observed [8, 9℄.
One of the most powerful methods  radio-frequeny
(RF) spetrosopy  is used to probe single-partile
energy distribution in Fermi gases. This method, in-
trodued to study interation eets in ultraold Fermi
gases [10, 11℄, has been suessfully used to observe the
pairing gap in strongly interating Fermi systems [12℄.
The momentum-resolved RF spetrosopy has been re-
ently used to probe the single-partile spetral funtion
A(k, E) of a fermion with momentum k and energy E
[13℄. For review of modern progress in RF spetrosopy
tehnique see [14℄. The spatial resolution in RF spe-
trosopy is obviously limited by the wavelength of light
whih does not allow to make loal probes with spatial
resolution better than 1µm [15℄.
Another important tool for studying ultra-old gases
experimentally uses two-photon Raman spetrosopy. It
has been used suessfully to indue optial Feshbah
resonanes and probe ultra-old gases in optial laties
[16, 17, 18, 19, 20, 21℄. Reently, Kostrun and Cté sug-
gested using two-photon Raman spetrosopy to measure
the temperature of a non-interating Fermi gas [22℄ and
to study the BEC-BCS rossover [23℄. The spatial reso-
lution of this method is set by the size of the laser spot.
This annot be made muh less than about 100µm, if the
dipole fores arising from the gradients of the laser eld
are not to lead to signiant trap losses [21℄.
IONIC SPECTROMETER
Reently, Kollath et.al. [24℄ proposed probing the loal
density of old atomi gases trapped in an optial lattie
using the oherent two-photon Raman photo-assoiation
of a single ion embedded in a old gas with an atom of
the gas. This ould be used to measure the loal density
distribution of the atoms at dierent sites of an optial
lattie as well as the spatial density orrelation or single-
partile orrelation funtion in real time with a spatial
resolution on a nanometer sale. Resolution of the hy-
perne struture would also be possible.
Here we demonstrate that the experiment proposed by
Kollath et.al. [24℄ ould be adapted to measure not only
the density distribution (as in the original proposal by
Kollath et.al), but also the loal single-partile energy
distribution funtion of a trapped Fermi gas in situ
a long sought goal of the old atom ommunity. We
show that, in a two-photon Raman spetrosopy mea-
surement, the photo-indued assoiation rate of an ion
held in a Paul trap in an atomi gas diretly measures
the loal single-partile energy distribution of the atoms.
2The spatial resolution is set by the amplitude of the
ion osillations in the harmoni Paul trap, whih an be
as small as 10nm [25℄. For example, it should be pos-
sible to resolve a narrow region of possible FFLO phase
in a Fermi gas with imbalaned spin populations, and
the variation of the density around a vortex in a rotat-
ing Fermi gas. The spetral resolution is determined by
the detunings and the Rabi frequenies of the transitions.
For Fermi gases prepared in an optial dipole trap near
a Feshbah resonane, where the s-wave interation be-
tween fermions with dierent spins an be tuned through
the Feshbah resonane using a magneti-eld, we show
that the photo-assoiation time would resolve the varia-
tions in the single-partile energy distribution of the gas
through the BEC-BCS rossover.
The two-photon assoiation proess is illustrated
shematially in Fig 1. A probe laser would be used
to sense the state of the ion and the time for assoiation
reorded. One assoiation has been deteted, one of the
lasers ontrolling the proess is swithed o to prevent
Rabi osillations and the moleule deays bak to a free
atom and ion. The assoiation and deay proesses are
fast and the proess an be repeated so that the aumu-
lation of aurate statistis should be straightforward.
The time-limiting step is likely to be the sattering rate
within the Fermi gas as this ontrols the rate at whih
any exess energy released in the deay proess an be
dissipated. (The system needs to return to equilibrium
before the next measurement an be made.) Estimates
based on previous experimental studies [26℄ suggest that
this ould be as short as a few milliseonds if s-wave sat-
tering is not forbidden, i.e. there are unpolarized spin
populations.
We onsider an ion loated in a Paul trap surrounded
by a degenerate atomi Fermi gas. To a good approxi-
mation the ion is aeted only by the Paul trap, and the
atoms are onned only by the optial trap allowing for
eetive independent ontrol of the two omponents [24℄.
Rapid sanning of the ion trap is known to be possible
with displaements of 1.2mm within 50µs without exit-
ing vibrational modes [27℄. The system is illuminated
by two lasers of frequenies ω1 and ω2 and intensities I1
and I2. The energy level sheme is shown in Fig. 1.
The atom-ion system, initially in state |0〉, an absorb a
photon with frequeny ω1 and, if the Frank-Condon on-
dition is satised, lead to the formation of a moleule in
the exited state |1〉. The seond laser indues a transi-
tion of the moleule to its ground state |2〉 via stimulated
emission.
The assoiation rate is ontrolled by the laser frequen-
ies and Rabi frequenies, and is a sensitive funtion
of the energy of the atom E. If the system were il-
luminated ontinuously, subsequent dissoiation of the
moleule bak to the ion and free atom (state |0〉) ould
our by absorption of a photon with frequeny ω2. Stim-
ulated emission at frequeny ω1 and damped Rabi osilla-
ǫ
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Figure 1: The two-photon Raman oupling of an ion and an
atom with energy E. Two lasers with frequenies ω1 and ω2
are inident on an atomi Fermi gas within whih an ion is
held in a Paul trap. The urves show the interation potential
and the energy levels for the ion interating with an atom as
a funtion of the atom-ion separation, R. |0〉 is the ombined
state of the ion and an atom (with energy E), |1〉 is an exited
moleular state and |2〉 is the ground state of the moleular
ion. Absorption of a photon with frequeny ω1 leads to a
virtual transition to the exited state, whih has a lifetime
1/γ1. The Rabi frequeny for this oupling is Ω1. Stimulated
emission at the frequeny of the seond laser leads to de-
exitation into the ground state of the moleule. The detuning
from the respetive resonanes (for an initial state with E =
0) are δ1 and δ2.
tions would then be observed. However these would make
identiation of a well-dened initial state diult. In-
stead the laser with frequeny ω1 should be swithed o
as soon as assoiation has been observed. The moleule
will then deay spontaneously at a rate ontrolled by the
inverse lifetime of the state |1〉, γ1. This dissoiation pro-
ess will leave the ion in a high vibrational state and the
atom with a high enough energy to esape the atom trap.
After waiting for the system to re-equilibrate the proess
an be repeated.
To alulate the assoiation rate we use the Bohn-
Julienne reipe [28, 29℄. If the detuning δ1 ≫ δ2 and
δ1 ≫ Ω2, where Ω2 is the Rabi frequeny for the os-
illation |2〉 ↔ |1〉, the moleular level |1〉 is adiabati-
ally eliminated [30℄, and we an work with an eetive
two-level system. The interation of the system with the
lasers results in an optial Stark shift, η, a broadening of
the ground state moleular level, γ2 [28, 29℄, and a Rabi
frequeny for the whole proess, Ω, given by:
η =
Ω22
δ1
, γ2 =
Ω22
δ21
γ1, Ω =
Ω1Ω2
δ1
. (1)
The shift of the level |0〉 is negligible provided Ω1 ≪ Ω2,
where Ω1 is the Rabi frequeny for the transition |0〉 ↔
|1〉. First, we onsider a spin-polarized Fermi gas imply-
3ing no interation between the atoms. The Hamiltonian
for the eetive two-level system is then
H = (ω0 + δ2 − η)b†b+
∑
p
ǫa†pap +
∑
n
EnI
†
nIn
−
(∑
p
Ω(p)b†apI0e
−iω0t + h.c.
)
, (2)
where b is annihilation operator for the ground state of
the moleular ion, ap is the annihilation operator for an
atom in state with momentum p, In is the annihilation
operator for the ion in n-th eigenstate with energy En
of the ion trap, ǫ = p2/2m is the kineti energy of the
atom, ω0 = ω1 − ω2. The Rabi frequeny Ω depends on
the initial energy of the atom Ω ∝ ǫ1/4 [28, 29℄.
Typial values for the zero-point wavefuntion spread
of the ion or moleule in the Paul trap, z0, are of the order
of 10nm [25℄ and hene muh less than the wavelengths
of the inident lasers or the atoms in the trap: As a
result, any reoil eets resulting from the absorption and
photon emission will be negligible. A simple alulation
yields an expression for the photo-assoiation rate of an
atom and the ion
Γ(R) =
23/2
3π
R3TFm
3/2
∫ √
ǫG(E)nσ(ǫ,R)dǫ, (3)
G(E) =
γ2Ω(ǫ)
2
(δ˜ − E)2 + γ224
, δ˜ = δ2 − η. (4)
Here RTF is the Thomas-Fermi radius of the gas in the
trap with frequeny ω = (ωxωyωz)
1/3
, σ is the spin index,
m is the mass of a fermion. nσ(ǫ,R) is the momentum
distribution of the atoms at a point with position R. For
non-interating fermions the energy of the atom is E = ǫ.
For the three level system of Fig 1, the photo-
assoiation rate G exhibits two peaks. This is shown in
the inset of Fig. 2. The width of the peak at low energy
is determined by the width of the ground state level γ2.
If the detuning δ1 ≫ δ2 and δ1 ≫ Ω2, the peak at low
energies an be made very sharp (see (1)) and the photo-
assoiation rate Γ is determined by the loal density of
atoms with this energy. The maximum of the funtion
G(E), given by (4), for the ase Ω1 ≪ Ω2 is at E = δ˜.
We nd
G(δ˜) =
4Ω2
γ2
. (5)
The presene of a moleule would be deteted by mea-
suring the hange of osillation frequeny of the heavier
moleular ion in the trap, or by observing the absene
of the resonane light sattered by the moleule. The
available state-sensitive optial detetion time is of the
order 0.1ms [31, 32℄, so photo-assoiation rates of the
order 103s−1 or less are ahievable. One assoiation is
observed, swithing o the laser with frequeny ω1 will
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Figure 2: The photo-assoiation rate, Γ, for an ion held in a
Fermi gas as a funtion of the detuning parameter, δ˜, om-
puted from (3) and (4) for four dierent regimes of the uni-
form Fermi gas: free fermions at T = 0 (dashed-dotted line);
the BCS regime with k0Fa = −0.5 (∆ = 0.047ǫF ) at T = 0,
where k0F is the Fermi wave number and a is the satter-
ing length (dashed line); the unitarity limit (solid line) at
T = 0. We also present the photoassoiation rate for the
unitarity regime at T = Tc (dotted line). The major peak
is due to breaking of fermion pairs. The minor peak shifted
to positive δ˜ is attributed to thermally exited atoms. Inset:
The photo-assoiation rate density, G(E), for the transition
|0〉 → |2〉. G(E) is shown for the three-level system assum-
ing δ1 = 2.5δ2 (see Fig 1). The separation of the two peaks
ξ =
√
(δ1 − δ2)2 + 4Ω22.
allow the moleular state |2〉 to deay spontaneously. As
a result of the deay proess, the atom esapes from the
optial dipole trap while the ion remains onned by the
Paul trap. The ion may now be in an exited vibra-
tional state [33℄. However, the rate of ion-atom olli-
sions is estimated to be ∼ 103s−1 for the system under
onsideration [34℄, whih orresponds to a time-sale sig-
niantly longer than the time on whih the ion an be
ooled (∼ 200µs) [25, 35℄. The vibrational exitations
of the ion should not therefore lead to muh heating of
the atoms of the system through ollisions with the ion.
Any energy, that is transferred to the atoms, would be
redistributed among the atoms on a time-sale set by the
energy-relaxation time in the atomi gas. In strongly in-
terating Fermi gases this has been observed to be around
1ms [26℄ and even shorter in some systems [36℄. This re-
laxation time and the photo-assoiation time itself are
the longest time-sales in the proess we are proposing.
As both should be omparable or less than 1ms, a yle
time of a few milliseonds should be easily ahievable.
If the ion were embedded in a Bose gas, spontaneous
apture of an atom would be signiant. The rate of
spontaneous apture for a realisti Bose system suh as
that desribed in [37℄ is of order Γsp = 600s
−1
, whih is
omparable with the photo-assoiation rate. This would
make the use of this method to study Bose gases prob-
lemati. For Fermi gases the spontaneous apture is sup-
4pressed by Fermi statistis and an be negleted.
Fitting the measured photo-assoiation rate to the the-
oretial form ould be used, for example, to determine the
gap of the gas as a funtion of the position to monitor the
state of the system as it is tuned through the BCS-BEC
rossover. In Fig. 2, we show the photo-assoiation rate,
obtained from (3), for a Fermi system in the BCS and uni-
tarity regimes for uniform gas at zero temperature. We
have used the mean eld result for the zero-temperature
distribution funtion for a system of interating partiles
with equal spin populations in the loal density approx-
imation [38℄: n(ǫ,R) = 1
2
(
1− ǫ−µ(R)√
(ǫ−µ(R))2+∆(R)2
)
.
Here ∆(R) and µ(R) are the loal values of the order
parameter and hemial potential. The energy of inter-
ating atoms is E = µ −
√
(ǫ− µ)2 +∆2. Generaliza-
tions to the ase of non-zero temperatures [39, 40℄ and
to the imbalaned population ase [14, 41℄ are straight-
forward. µ and ∆ are determined by the sattering
length a via the usual gap equation, whih at T = 0
is:
m
4πa =
∫
dp
(2π)3
(
m
p2 − 12√(ǫ−µ)2+∆2
)
and the density
equation.
We also plot in Fig. 2 the photoassoiation rate for
the unitarity regime at T = Tc. To alulate the asso-
iation rate we used the strit mean eld theory, where
nite-time eets were negleted [14℄. The main peak
is assoiated with the breaking of fermion pairs. The
seond peak shifted to the positive detunings is due to
thermally exited fermions. The dierenes between the
urves shown in Fig. 2 should be visible in experiment
thereby allowing diret identiation of the state of the
Fermi gas both as a funtion of the interation parame-
ters and of the position in the trap.
DISCUSSION
Now we ompare the method proposed in this paper
with the RF spetrosopy [40℄. In the proposed sheme
the momentum of the atom before and after assoiation
is not onserved beause the Fermi energy of the atoms
ǫF ∼ 20kHz is muh less than the frequeny of the Paul
trap ω = 7.8MHz, whih is required to trap a single ion
[25℄. This leaves the moleular ion in the same vibrational
state after assoiation, with the momentum of the atom
absorbed by the trap. On the other hand the momen-
tum of the atom is onserved in the RF spetrosopy,
beause the atom experienes the transition to a free
state after exitation. Thus, the detuning orresponding
to the maximum of the RF urrent in RF spetrosopy
is always negative, while the detuning orresponding to
the maximum of the photoassoiation rate in our pro-
posal an be either negative or positive (see Fig. 2). We
also omment on the nal-state interation. In RF spe-
trosopy an atom exited by an RF pulse interats with
the ground-state atoms via a Feshbah resonane, whih
leads to orretions to the RF spetrum. In our ase this
eet an be negleted beause of the dispersion intera-
tion between the ion (moleule) and the atoms, whih is
muh stronger than the nal-state interation.
Finally, we turn our attention to the many body inter-
ation between the ion and the gas. When the ion and an
atom form a bound state, one might expet to observe the
manifestations of the many-body interation suh as the
Fermi-edge singularity (FES) [42℄. The photo-assoiation
rate for a uniform system of non-interating fermions at
zero temperature should be
Γ ∝ Θ(ǫF − δ˜)(ǫF − δ˜)α−1 (6)
with the exponent α determined by the dierene in the
phase shift (modulo π) at ǫF for fermions sattering o
a free ion and a moleular ion. The singularity arises
beause of the multiple low energy exitations near the
Fermi surfae as a result of the sudden swithing of the
potential as seen, for example, when a ore-hole state is
reated as the result of an x-ray absorption proess in a
metal. In our ase the hange of the potential, as a result
of the formation of bound state, is not signiant. This
is beause the atom does not sreen the potential of the
ion. As a result α ≈ 1 in (6), and (3) gives the orret
assoiation rate.
CONCLUSIONS
We have proposed an ioni-spetrometer to measure
the loal single-partile energy distribution of the degen-
erate Fermi gases with an energy resolution determined
by the laser detunings and a spatial resolution on the
nanometer sale. We disuss in situ experiment to mea-
sure the pairing gap of an ultraold Fermi gas loally.
The authors thank Mihael Köhl for many help-
ful disussions. The work was supported by EPSRC-
EP/D065135/1.
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